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Abstract
This research was a joint effort between the University of Hong Kong (HKU) and CLP, the electricity power 
generation and distribution service provider in Hong Kong. The objective of this research was to identify and verify 
the potential relationships between performance of the standalone PV power system, such as the state of charge of the 
battery and power output, and other environmental factors such as solar radiation, wind speed, and ambient 
temperature. The results could help academia and industry to enhance the knowledge on the performance of such 
standalone PV supply system under real operating conditions and help to improve similar designs in the future.
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1. Introduction
A Photovoltaic solar power system has been installed on the Town Island in Hong Kong (Fig. 1). The 
system is comprised of PV arrays with a total capacity of 19.8 kW. It was installed in a small area located 
on the eastern side of the Mount Carmel Hostel. There were associated distribution facilities for the 
improvement of reliability of electricity supply to the Island. In the phase I system, comprehensive 
operational data was collected via the PV inverters and battery controllers to support this research. This 
research was a joint effort between CLP and the University of Hong Kong.
The objective of this research was to identify and verify potential relationships between performance of 
the standalone PV power system, which is the first commercial production site in Hong Kong, and other 
environmental factors such as solar radiation and ambient temperature. Researchers hope that these 
relationships, if they exist, can help the world of academics and the world of industry to improve their 
knowledge on the performance of a standalone PV supply system under real operating conditions and 
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help to improve similar designs in the future.  
Fig. 1. Photovoltaic solar power system on the Town Island.
2. Research methodologies
In this research, a number of methodologies such as clustering, statistic, and data mining techniques 
were used to process and analyse the data provided by CLP and collected from the Hong Kong 
Observatory. The parameters of association, correlation and regression were estimated and analyzed to 
reveal the underlying relationships. 
Fig. 2 Wind speed data collected from the Hong Kong Observatory (Source: Hong Kong Observatory website: www.hko.gov.hk ).
The following procedures were performed:
a) Data Preparation - Read the data and form the index
b) Data Cleansing and Conversion – Plot the graph with 5 minutes interval (the best data resolution 
available) and 1 hour interval, Plot against different factors
c) Data Analysis - Analyze the relationship by plotting the best fit line of the graph
d) Calculate the correlation factor and the equation of the best fit line
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2.1. Data cleansing and conversion
In the PV supply system in Town Island, operational data is continuously sampled and recorded by the 
PV Inverters and battery controllers. This data was cleansed and filtered by a process called data 
cleansing to ensure the data to be correct and accurate. This step is necessary and important before data 
analysis. In the data cleansing process, invalid, corrupted or unreasonable data was detected, then 
corrected or removed. Data cleansing was performed both manually and with the assistance of 
Information and Communication Technologies (ICT). An application called MATLAB was used. This
application could check the data with a variety of rules and procedures. When two sources of raw data 
were combined, the process of data cleansing was even more important for preparing consistent sets of 
data in the system. Any inconsistent data was detected or removed. 
The raw data sets collected by HKO and CLP were classified into different sources. Then the data sets
were transformed and standardized from different source types to MAT file by the MATLAB application. 
A data filtering function was included in the program to filter the corrupted data automatically. A 
checksum was used to verify if there was any missing value in the whole data sets. Using MATLAB 
program could speed up the process of data cleansing and data capture for next step. The check sum 
verified the accuracy of the data.
The raw data sets were separated into different types according to the sources. The data was filtered 
and classified into different sub groups by use of the clustering technique. For the raw data collected from 
the Hong Kong Observatory, as the data time interval is much finer, the data was converted into minute 
classified samples. 
After choosing the two parameters from the processed data, the two factors were inputted into an Excel 
spreadsheet. The data was indexed by every minute. The invalid data was deleted. Then the daily data 
was reproduced in a conversion spreadsheet and a summary of that month was generated.
2.2. . Data analysis
Three sets of graph were generated, namely (1) Daily chart with 5 minutes interval; (2) Daily chart 
with hourly interval and (3) Monthly chart with daily interval. The two parameters were plotted for 
finding out the relationship among the parameters.  The best fit line of the graphs was plotted for 
analyzing the data relationships. 
The correlation factor and the equation were then determined as the result output. The correlation 
factor was a measure of the association between two variables which indicate the degree of association 
between the two parameters. The correlation factor could range from -1.0 to +1.0. If the values are highly 
associated, the correlation factor should be close to +1.0 or -1.0, or otherwise should be close to zero. In 
this project, the correlation factor R2 was generated by the Excel function automatically. It was the 
indicator to classify the relationship of the parameters.
Table 1. Relationship of the correlation factor mapping
Correlation Factor R2 Relationship of the parameters
1 Prefect correlated
0.7-0.9 Strong relationship
0.4-0.6 Medium relationship
0.1-0.3 Weak relationship
0 Not correlated
3. Data Mining And Relationship Building
This project aimed to derive a mathematical model to relate different parameters such as power output, 
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Battery State of Charge (SOC), loading and environmental condition and so on. The charts and graphs 
were plotted to summarize the system performance under different local environmental situations. The
mathematic modules were investigated. The data sets were expressed by the equations of the best fit lines. 
The correlation factors were calculated and was used to determine if the relationships of the 
environmental factors such as the outputs of the system and system efficiency. 
4. Gaps between the expected results and actual results
The differences between the real operation and theoretical situation were investigated. In addition to 
solar radiation and ambient temperature, factors such as humidity and wind speed may also be related. On 
the other hand, the global solar radiation was also composited by direct and diffused solar radiation. The 
rainfall was considered as a positive factor for PV operation as raining helps to self-clean the panels and 
help to reduce the dirt on the surface. Therefore, the PV panels can capture more solar radiation and 
minimize the shading effect. The entire environmental factors were inter-related and were all important to 
the output and efficiency of the PV system. The hypothesis was supported by theories and simulations.
4.1. .SOC and ambient temperature
The relationship between the Battery of State of Charge (SOC) and ambient temperature was very 
weak. The correlation factor was 0.0965., almost zero. The graph plotted with the battery SOC against the 
ambient temperature in Fig. 3 showed that the data are concentrated within a region from 20oC to 30oC. 
Since the temperature variation was not significant, the PV output was not affected by this parameter. 
According to some overseas researches about the PV output and the temperature, the temperature 
difference in a day could be more than 20oC and ambient temperature could reach at 60oC-70oC. In those 
cases, the output of the PV could significantly decrease as the temperature of the PV module was very 
high.  Therefore, the temperature factor is not the dominating factor that influences the PV output in the 
typical environment of Hong Kong.
Fig. 3. Battery SOC against ambient temperature.
In the above results, some assumptions have been made. First, the state of charge (SOC) of the battery 
is not solely affected by PV output, but also the customer consumption and more related to the latter one 
in Town Island case, as the inmates may consume more power during hot summer days. Therefore, it is 
not too accurate to conclude the SOC is equivalent to the PV output, as part of the PV output will supply 
to load directly without charging to the battery. Second, the SMA estimated the SOC based on the voltage 
level of battery. The charging loss of the battery is also included in the SOC number, which is not easy to 
work back as the loss is not linear along different SOC levels. These practical constraints may also 
(X-axis unit: W ; Y-axis unit: %)
y= 0.7029x−6.5783; R2= 0.0965
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introduce minor errors to the analysis.
4.2. SOC and wind speed
Since the wind speed in the Town Island could be quite strong and the exposed solar panel may be 
exposed to the wind chilling effect, a study on the relationship between SOC and wind speed was 
conducted. However, it was discovered that the relationship between the State of Charge (SOC) and wind 
speed was also very weak, or even weaker than that of the ambient temperature. The correlation factor 
was only 0.0178. According to Fig. 4, the chart showed the graph of the Battery SOC against the mean 
value of the wind speed. Therefore, the wind speed was also not a dominating factor that affects output of 
the PV system installed in Hong Kong
Fig. 4. Battery SOC against Average Wind Speed of May.
4.3. SOC and solar radiation (Before data filtering
To study the relationships between solar radiation and the battery state of charge (SOC), the increments 
of the battery SOC against the solar radiation were plotted every hour from May to September 2010. 
Without performing appropriate data filtering, it was very hard to analyze the relationship. SOC was just 
one way to measure the PV output. However, it also depends on other factors such as the solar radiation, 
initial SOC and the loading demand etc. 
According to Fig. 5, the Battery SOC increments were plotted against the average solar radiation in 
May 2010 without any data filtering. The correlation factor was only 0.159 and it was difficult to reach 
any strong conclusions regarding correlations between the parameters.
Fig. 5. Battery SOC increment against the average solar radiation.
4.4. SOC and solar radiation (After data filtering)
In order to obtain a stronger correlation, the data was filtered and the results were shown on Fig. 6. In 
those days when the Battery SOC was charged up to more than 95% of its full capacity, the batteries were 
(X-axis unit: m/s ; Y-axis unit:%)
y= 0.8899x + 8.9942; R2= 0.0178
(X-axis unit:W ; Y-axis unit:%)
y= 0.038x + 2.8334, R2= 0.159
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not be able to be further charged at noon time. In this case the capacity of the battery is the limiting factor. 
The capacity of battery is an optimization between supply-demand balance, cost and space requirement. 
The current battery capacity is optimal for the current demand. But if the demand increases in the future, 
the overall capacity can be uplifted by increasing the battery capacity.
After filtering the data with the battery SOC exceeded 95%, the relationship between solar radiation 
and the battery SOC was almost linear. The correlation factor was 0.75, which indicated that their 
correlation was strong.
Fig. 6. Battery SOC increment against the average solar radiation with clustering.
4.5. Inverter output and solar radiation
Since it was discovered that the correlation between the Battery SOC and the parameters such as wind 
speed and ambient temperature was not strong, we mainly focused on the study of the output power of the 
inverter and the solar radiation. The raw data collected from the Hong Kong Observatory was used to
provide information about direct and diffuse solar radiation.
The chart on Fig. 7 shows that the relationship between the PV inverter output (Pac) and mean diffuse 
and mean direct solar radiation recorded in May 2010 was very coherent. In early May 2010 when the 
battery was fully charged, the increment of Pac was significant even when the direct solar radiation was 
increasing. The peak of the direct solar radiation was also the peak of the Pac. The direct solar radiation 
was the dominating factor to the inverter output.
Fig. 7. Relationship of the Pac and mean Diffuse and Direct Solar Radiation of May.
4.6. Effect of direct and diffuse sunlight
Fig. 8 shows the PV output (Pac) and the global solar radiation in May 2010. It was discovered that Pac 
did not follow the trend of global solar radiation. In order words, the solar radiation was not fully 
converted to electrical energy. Apart from the limitation of the battery capacity, the ratio of direct and 
(X-axis unit: W; Y-axis unit: %)
y= 0.2106x−1.3525; R2=0.7517
(Data collected in May 2010)
(X-axis unit: date; Y-axis unit: W)
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diffuse solar radiation was also a factor. In order to show this effect, the ratio of diffuse and direct solar 
radiation was calculated for further data analysis.
Fig. 8. Chart of PV output Pac and Global Solar Radiation
Fig. 9 shows the clustering index result of the ratio. The data sets were separated into 3 clusters. The 
ratio less than 50 was classified as Group A (the cluster in red).
Fig. 9. Ratio of diffuse and direct soalr radiation  with different weather type clusters (from May to Sep 2010).
The ratio in between 50 to 150 was classified as Group B (the cluster in green). The remaining data 
was classified as Group C (the cluster in blue). These groups correspond to different weather conditions, 
namely sunny, partly cloudy and cloudy respectively. According to Fig. 10, the Pac exceeding 500kW was 
Group A while the Pac below 500kW was Group B and Group C.
Fig. 10. Scatter chart of the PV output Pac and ratio of diffuse and direct solar radiation.
(X-axis unit: month; Y-axis unit: W)
(X-axis unit: ratio; Y-axis unit: 
(X-axis unit: W; Y-axis unit:
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Fig. 11. Relationship of the PV output Pac and the ratio of diffuse and direct solar radiation.
Fig. 11 shows the relationship of the PV output Pac and ratio of diffuse and direct solar radiation in 
May 2010. They were inversely related. In short, this analysis showed that the inverter output Pac was 
strongly correlated to the solar radiation. The average correlation factor from May to Sep 2010 was 0.989.
In this analysis, the data collection for the devices might not be carried out at same time. In the 5 
minutes time interval, the weather condition may change and create inaccuracies.
Table 2. Classification of clusters
Group Weather condition Cluster colour
A Sunny day Red
B Partly cloudy day Green
5. Conclusions
The raw data collected from the photovoltaic system in the Town Island provided by CLP  and the 
weather data provided by Hong Kong Observatory were used to investigate the relationship among 
various environmental factors such as solar radiation, wind speed, ambient temperature…etc. The PV 
output of the system in terms of SOC and inverter output was the dominating factor that correlated to 
solar radiation. The direct solar radiation also plays a key role in the system output and efficiency of the 
system. The ambient temperature and wind speed were the less significant factors. It was discovered that 
the major localized environmental effect affecting the system was the solar radiation. When the battery 
capacity was fully charged, one way to improve the system efficiency was to increase the battery 
capacity.
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